A flexible conductive cotton fabric was demonstrated by formulation and deposition of a graphene oxide (GO) dispersion onto a cotton fabric by vacuum filtration. The final deposited GO amount was controlled by the concentration and volume of the GO dispersion. The GO was reduced by a hot press method at 180 ºC for 60 mins, and no chemical reductant was needed in both the deposition and reduction processes. The carbon-oxygen ratio increased from 1.77 to 3.72 after the hot press reduction. The asprepared flexible conductive cotton fabric showed a sheet resistance as low as 0.9 kΩ/sq.
Introduction
Conductive textiles have been attracting a broad research attention as they can be used for energy storage [1, 2] , strain sensors [3] and health care devices [4] enabling wearable textile electronics. Among various textile materials, cotton fabric is one of the most commonly used material for textiles and clothing. Because this material possesses unique flexibility and high porosity [5, 6] , which makes the cotton fabric comfortable and breathable to wear compared to other synthetic fabrics. More importantly, the chemical structure of cotton fabric possesses numerous active hydroxyl groups, which makes this fabric easy to be modified and also improves the adhesion and distribution of active materials on the fabric [7, 8] . Conductive cotton fabric has been demonstrated using metal deposition [9, 10] , or conductive polymer impregnation [11, 12] . However, the high density, rigid handle, incompatibility of these materials with the human body and the instability of the conductive polymers at room temperature [13] limit their uses.
Graphene has the potential to fulfil most requirements for use in conductive filler, ink and coating [14] thanks to its high carrier mobility [15] , mechanical robustness [16] , environmental stability and potential for low-cost production. However, due to the lack of functional groups in graphene, the adhesion between graphene and cotton fabric is too weak. Graphene oxide (GO) dispersion in water has been proposed as an alternative conductive coating for cotton fabric due to its abundant oxygen containing groups spreading across the basal planes and the edges [17] . These functional groups make the water-based process realizable. Moreover, the oxygen containing groups both from the GO and cotton fabric form hydrogen bonds with each other which enhances the adhesion. However, the oxidation of graphite disrupts the sp 2 structure of graphene planes, making GO flakes intrinsically defective [18] and electrically insulating [19] .
Some methods have been reported to fabricate conductive cotton fabrics with reduced GO (r-GO), among which layer by layer assembly as well as dipping-drying method are the most commonly used processes. The GO sheets are absorbed onto the cotton fabric surface or into the strands of the fibers by capillary effect, forming hydrogen bonds with the fabric [20] [21] [22] [23] . However, these methods need multiple depositions to deposit substantial GO onto the cotton fabric, making the process not scalable.
Moreover, the reduction of the GO requires reactive reductants, which are mostly toxic (such as hydriodic acid, titanium trichloride, sodium borohydride and hydrazine) [24] [25] [26] [27] , and may be harmful to the health and environment. Thermal reduction of GO is a greener method and has been demonstrated to be feasible to produce r-GO [28, 29] . Ref.
[30] reported GO reduction by thermal annealing at temperatures as low as 200 ºC for 2 h, resulting in reduction of the oxygen content to 21% and increase of the electrical conductivity by 4 orders of magnitude [30] . However thermal reduction of GO to prepare conductive cotton fabrics is avoided to date, because the high reduction temperature and long reduction time tend to critically damage the flexibility and strength of the cotton fabric. Therefore, despite several attempts, developing a sustainable and environmentally-friendly synthesis route of r-GO based flexible conductive cotton fabric is still a great challenge.
In this work, we present fabrication of r-GO based conductive flexible cotton fabric and demonstrate its viability as a strain sensor. The conductive cotton fabric was prepared by vacuum filtration of GO water dispersion, followed by a low temperature (180 ºC) thermal reduction via hot press method. The morphology of GO and conductive r-GO deposited cotton fabrics, and the reduction process of the GO were characterized (see experimental section). We also investigated the viability of the r-GO deposited cotton fabric as a strain sensor. Furthermore, the washability of the r-GO deposited cotton fabric was evaluated, showing that electrical conductivity was retained for more than 10 washing cycles.
Experimental

Materials
RS-Aldrich graphite flakes with initial flake size of 100 mesh were purchased from Sigma-Aldrich. Sulfuric acid (H2SO4, 95~98%), phosphoric acid (H3PO4, 85%), hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 36~38%) and potassium permanganate (KMnO4) were all purchased from Sinopharm Chemical Reagent Co.,
Ltd. Cotton fabric with yarn count 40×40 and weighting 130 g m -2 was supplied by Wuxi Yihong Textile Co., Ltd. Deionized water was used in the whole experiment.
GO preparation
GO was prepared from graphite flakes according to the improved GO synthesis method [31] . Concentrated H2SO4 (72 mL) and 8 mL H3PO4 were drop-casted into a flask with 0.6 g graphite flakes and 3.6 g KMnO4. The reaction system was stirred at 50 ºC for 12 h in an oil bath. Then the system was cooled down to room temperature (about 25 ºC) and poured onto the 200 g ice which contained 0.6 mL 30% H2O2 solution.
More H2O2 solution was added into the mixture with mild stirring until the color of the mixture turned golden, which indicated the removal of residual KMnO4 [32] . The mixture was purified by washing in succession with 40 mL of water and 40 mL of 30%
HCl, followed by centrifugation. Then the supernatant was decanted away while the remaining was dialyzed with a dialysis bag (molecular weight 8000~10000) in deionized water until the pH was neutral. The resulting dialyzed dispersion was freeze dried to obtain the GO powder.
Deposition of GO onto the cotton fabric
The as-prepared GO powder was dispersed in deionized water by bath sonication for 30 mins. The GO dispersion with a concentration of 5 mg mL -1 was then deposited onto the cotton fabric using a vacuum filtration method. In order to slow down the filtration speed and prevent the loss of the GO sheets, a microporous membrane with pore size 0.45 µm was placed underneath the cotton fabric during the filtration process.
GO thermal reduction
The cotton fabric deposited with GO was hot pressed with a PTJ38 flat heat press machine (Yiwu Maike Digital Imaging Co., Ltd, China), in which the GO was reduced to r-GO under thermal condition. Considering that the high reduction temperature may lead to cotton fabric degradation, the reduction temperature was set at 180 ºC for the experiment. The reduction time varied from 30 mins to 180 mins.
Characterization and Measurement
The scanning electron microscope (SEM) images of the cotton fabric before and after the GO deposition and GO reduction were acquired on a SU1510 SEM unit (Hitachi, Ltd, Japan). The field emission scanning electron microscope (FE-SEM) and scanning probe microscope (SPM) images of the GO sample were performed on a sigma HD FE-SEM unit (Carl Zeiss Microscopy, Germany) and SPM9700 unit (SHIMADZU corporation, Japan), respectively. The Raman spectra were acquired using a Renishaw inVia Raman spectrometer (Renishaw PLC, UK) with a 514 nm laser. The X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5000C ECSA (PerkinElmer corporation, USA). The K/S value which used to represent the amount of dye fixation or dye content of a given textiles was measured to display the relative color change [33] of the conductive fabric with a Xrite-8400 spectrophotometer (X-Rite Co., Ltd, USA).
The washing test of the r-GO deposited cotton fabric was carried out on a Labortex oscillating type dyeing machine (Rapid Co., Ltd, China). For each washing cycle, the sample was washed with 100 mL deionized water containing 2 mg mL -1 sodium carbonate and 5 mg mL -1 soap at 60 ºC for 30 mins. The sheet resistance of the r-GO deposited cotton fabric was measured using a SZT-2A four-point probe tester (Suzhou Tongchuang Electronics Co., Ltd, China). The fabric resistance during the bending process was recorded with a Keithley 2400 source/meter (Tektronix Inc., USA). carboxyl and hydroxyl groups on both sides of GO sheets, the thickness of monolayer GO varies between 0.8 nm and 1.2 nm [34, 35] . The interlayer distance of GO ranges from 0.6 nm to 1.2nm [36] . So the height of the sheet corresponds to exactly one-layer GO. The Raman spectrum is strongly sensitive to the electronic structure of carbon materials and has shown to be an essential tool to characterize graphene [37] . Raman spectra of the raw material graphite and the as-prepared GO are shown in Fig. 2 . The graphite spectrum ( Fig.2(a) ) shows two typical major peaks: the G peak at ~1581 cm caused by the edges of the graphite (100 mesh flake size). The G peak corresponds to the high frequency E2g phonon at , and the D peak is due to the breathing modes of six-atom rings and requires a defect for its activation [38, 39] . The 2D peak is the D peak overtone. Since 2D originates from a process where momentum conservation is satisfied by two phonons with opposite wave vectors, no defects are required for their activation, and are thus always present [37] . Besides the fluorescence background between 2000 cm -1 and 3200 cm -1 , the GO spectrum ( Fig. 2(b) ) shows a broad D peak at 1355 cm -1 and G peak at 1607 cm -1 . In this case, the G peak shows a blue shift of 26 cm -1 with respect to the spectrum of graphite, this can be attributed to the presence of the isolated double bonds resulting from their higher resonant frequencies. The full width half maximum G peak for the GO flakes corresponds to 73 cm -1 , which is ~ 4.5 times higher than that of graphite, due to disordered distribution of scattering point defects [40] . The oxidation is also confirmed by the ratio of the D peak and G peak intensity I(D)/I(G) and full width half maximum D peak, being ~ 0.92 and ~ 107 cm -1 respectively, which raise from the defects both in the basal planes and at the edges of the GO flakes [41, 42] . 
Results and Discussion
GO preparation
The r-GO deposited cotton fabric
The GO sheets were deposited onto the cotton fabric through vacuum filtration process of the GO dispersion, and then reduced with a heat press machine as shown in Fig. 3(a) . The control cotton fabric shows a white color as shown in Fig. 3(b) . After the GO deposition, the cotton fabric is dried in the oven at 60 ºC for 2 h to remove the residual water, resulting in a dark brown uniform deposited layer as shown in Fig. 3(c) .
Subsequently, after the hot press process the color of the deposited layer changes from dark brown to black and shows a quite smoother surface ( Fig. 3(d) ) with respect to the GO deposited cotton fabric, indicating the partial GO reduction. The SEM micrograph of the control cotton fabric (Fig. 3(e) ) shows a typically fibrous structure with the fibers twisting with each other, producing a quite rough fabric surface. During the deposition process, the GO sheets are expected to be deposited onto the cotton fabric surface and trapped between the gaps of the fibers. Fig. 3(f) shows how the fabric surface is uniformly covered with the GO deposited layer and both the fibrous structure and the gaps between the fibers can hardly be seen after the deposition. During the hot press treatment, the GO deposited layer is gradually reduced on the cotton fabric surface and conforms to the morphology of the fabric (Fig. 3(g) ). This may be attributed to a shrinkage of the r-GO deposited layer as the water is evaporated and the GO is reduced [43] . In contrast to Fig. 3(f) , the fabric structure after GO reduction is more clearly visible indicating the r-GO sheets compactly wrap onto the fibers as evident in Fig. 3(g) .
The cotton fiber microstructure is clearly visible in Fig. 3(h) by SEM at a higher magnification, while it appears covered by GO and r-GO in Figs. 3(i, j) , with a more evident surface topography in the r-GO case in Fig. 3(j) as opposed to GO in Fig. 3(i) .
The SEM images showing the changes in the cross section of cotton fabric after the deposition and the hot press treatment are presented in Fig. S3 . Fig. 3 . Photographs of (a) the fabrication process of the r-GO deposited cotton fabric with vacuum filtration and hot press treatment, and (b) control cotton fabric, (c) GO deposited cotton fabric, (d) r-GO deposited cotton fabric hot pressed at 180 ºC for 60 mins, SEM images of (e, h) control fabric, (f, i) GO deposited cotton fabric, (g, j) r-GO deposited cotton fabric.
The as-prepared r-GO deposited cotton fabric exhibits a good flexibility and bendability (bending example shown in Fig. 4(a) ). The sheet resistance of the r-GO deposited fabric measured with a standard four-point probe method is ~ 0.9 kΩ/sq, while the sheet resistance of GO deposited fabric is higher than 1000 kΩ/sq (which is the high upper limit of the instrument). The conductive r-GO deposited cotton fabric can be implemented as a conductive interconnection. In Fig. 4(b) we show the conductive cotton fabric which closes the circuit of two 1.5 V batteries and three parallel connected light-emitting diodes (LEDs), turning on the LEDs. The amount of the deposited GO on the fabric can be controllable with the vacuum filtration method. The deposited GO amount as function of the vacuum filtered GO volume is shown in Fig. 5 , which shows almost a linear relation with the GO amount going from 17 mg for 5mL to 56mg for 20mL. Besides, the color of the deposited fabrics becomes darker with the deposited GO volume increasing from 5 mL to 20 mL, as shown in the insert in Fig. 5 . During the hot press process, the high temperature can facilitate the thermal deoxygenation of GO. Thus, the oxygen containing groups are gradually removed and the sp 2 structure of graphene are partially restored [44] . In order to verify the effect of the hot press treatment on the electrical properties, the sheet resistance was measured on all samples. As shown in Fig. 6 , the sheet resistance of these r-GO deposited fabrics decreases dramatically by almost two orders of magnitude within the first 60 mins, where the samples with 15 and 20 mL GO loading reach lower than 5 kΩ/sq. However, the sheet resistance of the fabrics with 10, 15 and 20 mL GO loading only shows a small change from 5 kΩ/sq to 1 kΩ/sq due to the small reduction degree of the GO with longer hot press time, while the sheet resistance of the fabric with 5mL GO loading is higher and decreases from 21 kΩ/sq to 14 kΩ/sq. The cotton fabric deposited with 15 mL GO and hot pressed for 60 mins was used in the following experiments given the trade-off between electrical conductivity and short preparation time. The reduction of the deposited GO layer at different reduction time upon the hot press treatment is characterized by the Raman spectra (in the region between 1000 to 1800 cm -1 ) as shown in Fig. 7 . The spectrum of the control cotton fabric shows a featureless fluorescence [21] . In contrast, the Raman spectra of the GO deposited cotton fabric samples both before and after the hot press process show a D peak at 1360 cm -1 and a G peak located at ~1600 cm -1 . The intensity ratio of I(D)/I(G) (inset in Fig.7) ranges between 0.92 and 0.94 after 5 min hot press treatment followed by a decrease to ~0.89 from 60 min to 180min of hot press treatment, suggesting a slight increase in the average size of the sp 2 domain and the realization of deoxygenation in the r-GO deposited layer [35] .We note that both the values of the D peak intensity and the I(D)/I(G) for the same samples hot pressed for longer time than 60 mins show no relevant difference with the ones at 60 mins, which is consistent with the small sheet resistance change of the r-GO deposited cotton fabric at longer hot press time than 60 mins with respect to the larger initial sheet resistance change in Fig. 6 . These results suggest that the GO is partially reduced by the hot press method in the initial 60 mins and a longer hot press time only shows little effect on the reduction degree. We also used K/S value of the sample to characterize the reduction of GO. As shown in Fig. S2 in the supplementary information, the K/S value of the r-GO deposited cotton fabric tends to be stable after 60 mins hot press, corroborating the small partial GO reduction degree taking place for hot press times longer than 60 mins. The partial reduction of GO was further evidenced by the XPS spectra. The C1s spectrum of the GO deposited layer in Fig. 8 (a) reveals that the as-prepared GO consists of four components arising from C=C/C−C (284.8 eV) groups, C−O (286.9 eV) groups, C=O (288 eV) groups and O−C=O (289.2 eV) groups [45, 46] . In contrast to the GO spectrum, the intensity of the C=O groups and O−C=O groups are much lower for r-GO as shown in Fig. 8(b) , while the intensity of C−O groups only shows a slight decrease. This is consistent with previous reports about GO reduction at around 180 ºC [19] . A previous study has already proven that the hydroxyl groups and epoxy groups located at the interior of the GO sheets are not stable and subject to dissociation or migration to the edges of the aromatic domains [47] , while the carboxyl groups and the carbonyl groups are reduced slowly at temperature ranging within 170 to 200 ºC [48] , which is consistent with our result. In Fig. S4 , the XPS spectra of the GO deposited cotton fabrics acquired over a wider range of binding energy also show that after the hot press process at 180 ºC for 60 mins, the intensity of C 1s increases and the intensity of O 1s decreases. The element summary indicates the oxygen content of the deposited layer decreases from 35.75% to 20.03%, while the carbon content increases from 63.26% to 74.59%. And the carbon-oxygen ratio increases from 1.77 to 3.72. Both the decrease of oxygen containing groups and the changes of the element ratios of the XPS characterization prove the hot press method is an effective method for GO reduction.
Additional, the EDX characterization results (see Fig. S5 ) indicate that the reduction happens not only on the surface but also in the deeper part of the deposited layer. 
Flexible strain sensor
The r-GO deposited cotton fabric can be used as a strain sensor. The r-GO deposited cotton fabric with 3 cm long and 1 cm wide was fixed on a paper substrate with two ends connected to copper tapes as contact electrodes. The conductive r-GO deposited cotton fabric is first subjected to tensile strain generated from the strain applied upon bending with concave down conditions as shown in Fig. 9(a) inserts. As a result, the resistance of the r-GO deposited cotton fabric under different bending radii (from 5 cm to 2.5 cm) increases from 16.7 kΩ to 167.9 kΩ. On the contrary, when the r-GO deposited cotton fabric is subjected to compressive strain from the strain applied upon bending with concave up conditions as shown in Fig. 9 (c) inserts, the resistance decreases from 22.6 kΩ to 9.8 kΩ corresponding to bending radii from 5 cm to 2.5cm.
To gain further insight into the mechanism resulting in the resistance change, we performed SEM investigation of the r-GO deposited cotton fabric under tensile ( Fig.   9 (b)) and compressive ( Fig. 9(d) ) strain. Fig. 9(b) shows fractures of the r-GO deposited layer under tensile strain, revealing the woven fiber structure underneath. Such fractures are attributed to the fracture strains of the r-GO deposited layer and the cotton fabric.
Indeed, the higher flexibility of the cotton fabric given by the fibers form factor allows change in shape and the distance between fibers under tension or compression condition.
Conversely, the r-GO deposited layer is more rigid than the cotton fabric, and it can be only accommodated by cracking and subsequent sliding, separating and rearranging of the fractured islands of r-GO films which can cause the change of the resistance. A similar behavior has been reported for graphene thin films on stretchable Poly-dimethyl siloxane substrate [49] .
In general, in tensile strain conditions, the distance between the woven fibers tends to increase as sketched in Fig. 10 . Subsequently the r-GO layer is subjected to a positive strain which results in cracks of the r-GO deposited layer as shown in Fig. 9(b) . The resistance changes of the r-GO deposited cotton fabric are ultimately based on the cracks of r-GO coating layer which in this case results in the resistance increase. On the contrary, in compressive strain conditions the distance between the cotton fibers becomes smaller as shown in Fig. 10 , leading to cracks narrowing and the layers of r-GO film to overlap (see Fig. 9(d) ), thus decreasing the resistance. Washability is an essential property of conductive textiles [50, 51] . During the washing process, the vessel containing the r-GO deposited cotton fabric and the washing bath was shaken by the dyeing machine, and the oscillation of the washing bath simulated the stress generated during the standard washing cycles, which may affect the integrity and continuity of the deposited layer, resulting in the increase of the sheet resistance [52] . The sheet resistance of the r-GO deposited cotton fabric after washing test was measured to evaluate any effect of the washing cycles on the electrical conductivity. As shown in Fig. 11 , the sheet resistance rises slightly with the number of washing cycles, going from 0.9 kΩ/sq to 1.2 kΩ/sq. And after 10 washing cycles, it is still lower than 2 kΩ/sq, indicating the washing cycles do not obviously affect the conductivity of the r-GO deposited cotton fabric. The r-GO deposited cotton fabric is then laid alongside the wrist (Fig. 12 (a) top insert) to investigate the viability as a strain sensor. The r-GO deposited cotton fabric was pasted onto the wrist with the both ends connected to a Keithley source/meter. Then the resistance change of the r-GO deposited cotton fabric during the movement was recorded. It is found that the resistance of the r-GO deposited fabric rises up to 3500 kΩ when wrist bends downwards ( Fig. 12 (a, b) ), we expect this to happen because the r-GO deposited layer cracks under tensile strain as shown in Fig. 9 . On the other side, the resistance decreases to about 10 kΩ (Fig. 12 (a, b) ) when wrist bends upwards caused by the overlap of the deposited r-GO cracked layers (see Fig. 9 ). More importantly, the resistance change follows repeatedly the wrist bending upwards and downwards even after about 400 bending cycles. The SEM images in Fig. S6 show the cracks and the overlaps of the deposited layer after about 400 bending cycles, in which the degree of the cracks and overlaps increases with increasing of the bending cycles.
All this indicates the viability of the r-GO deposited cotton fabric as a strain sensor. 
Conclusions
In summary, the flexible conductive r-GO deposited cotton fabric that can be used as strain sensor was fabricated via the vacuum filtration of GO solution (which are now readily available on the market) and hot press reduction method. The vacuum filtration process allowed to control the deposited GO amount by changing the GO dispersion volume. The hot press method partially reduced the GO to r-GO with a hot press reduction process at 180 ºC for 60 mins, thus proposing a green protocol to avoid the use of high temperature and normally used chemical reductants. Moreover, the asprepared r-GO based conductive cotton fabric showed a reproducible characteristic as a strain sensor. This provides an environmentally-friendly and cost-effective route for scalable fabrication of r-GO based conductive cotton fabrics, paving the way to future natural electronic textiles based graphene and two-dimensional materials.
